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What are the properties and degree of freedoms
of the medium created in heavy ion collisions?
How does the color charge interact and loose energy

In the medium?
s |s there flavour or mass dependence?

s What is the medium response?

What is the resolution scale of the medium?
Is there jet quenching in small systems?
How does the hadronization process work?



Jets as probes of QGP

We can use jets to answer these questions!
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obes of QGP

We can use jets to answer these questions!
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Hard scattering: high
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Emissions of collinear
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s Elastic scattering, medium induced radiation or “drag force” in
strong coupling picture.

m fast partons lose energy et quenching

s Jets are multi-scale probes of QGP.
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Hard scattering: high

energy, short distance Ja/a

Emissions of collinear
and soft partons

Hadronization

s Elastic scattering, medium induced radiation or “drag force” in
strong coupling picture.

m fast partons lose energy et quenching

s Jets are multi-scale probes of QGP.



INg measurement

Many observables: inclusive jets, balance, jet structure...

g ...each observable is sensitive to different aspects of energy loss.



art with jet counting....




odifications:

s QObservable: nuclear modification factor.
QCD in medium  Yijelds in A+A
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Sensitive to shapes of p_ spectra
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odifications:

VSyy = 5.02 TeV, PbPb 404 ub™”, pp 27.4 pb™
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modifications:
ear modification factor

Using novel techniques to improve performance
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odifications:
ear modification factor

Using novel techniques to improve performance
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DI misSsing energy

CMS Prellmmary

Pbe 404 ub PP 27.4 pb1

I 300 < p <4OO GeV

ﬁ_502TeV

i 400 < p ‘< 500 GeV

I 500< p ‘< 1000 GeV

-~ CMS

— HYBRID w/ wake

— HYBRID w/o wake
HYBRID w/ pos wake
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— MARTINI
D LBT w/ showers only
D LBT w/ med response
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s Large underlying event
restrict the phase space of
the measurement.

s Measurement sensitive to
the role of jet substructure
in the quenching.

s Suppression is modestly
recovered with larger R.

s Excellent discrimination
power among models and
their parameters.
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dependence: jet v,

a\ B i | .
> 0.12F- ATLAS Preliminary = 711, <251 Gov

-1 71 <p_ <79 GeV
1: Pb+Pb 1.72 nb = ggqg <?80G§VV -
0.1 VS = 5.02 TeV = 1oo<<pb<< 126 GeV
- anti-k, R=0.2, [y| < 1.2 i 126 <p <158 GeV ]
0.08— == 158 < p <200 GeV_|
- 8= 200 < p] < 251 GeV
0.06- ATLAS-CONF-2020-019 —
0.04 I -
_— (] ! E
0__ ______________________________________________________________ ' _____ _]

40-60% 20-40% 10-20% 0-10%

Centrality

In-plane: shorter path length in the medium m less suppression
Out-of-plane: shorter path length in the medium m more suppression
® positive v.,.
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Can give insight into the role of fluctuations in the initial state.
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s Jet v, and v, compatible with O with current precision.
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gular correlation
measurements




-Jet balance

Probes path-length dependence and per-jet fluctuations of the jet quenching.
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X

s Flattening of the x; distributions in central Pb+Pb at lower p;.

s Still some, but smaller, modification between Pb+Pb and pp
19 for jets > 400 GeV.



oplanarity in Pb+Pb

s Back-to-back topology sensitive to Sudakov radiation and
multiple soft scatterings (broadening) and radiative corrections

(narrowing) (Chen et al, PLB 773 (2017) 672 Gyulassy et al., arxiv:1808.03238
Zakharov, arxiv:2003.10182)
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0.05
- @ Pb-Pb: o =0.173+0.031(stat *+0.005(sys)
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" JHEP 09 (2015) 170
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Dplanarity in Pb+Pb

s Region at large angles sensitive to deflection of hard partons,
l.e. probes short distance partonic structure (o’Eramo, Rajagopal, Yin,
JHEP 01 (2019) 172).

S [ Auce [
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Dplanarity in Pb+Pb

Trigger-normalized yield of jets recoiling from a trigger hadron
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re and substructure




measurements

adrons In jets

s Expanding existing measurements of inclusive jet fragmentation
measurements and jet shapes (including large angles) measurements:

s Tagged jets and identified hadrons...
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easurements

" ZIEtSr {r{rb ps/ p' pi;.fsoeevxc, '|< 1.44,p" > 1 GeV/c
o(r) = : antik; jet R = 0.3, p° > 30 GeV/c, |*'| < 1.6, A0_> 7-8’!
O Viw L (PE/PL)
U{?‘{r[ ; I |
[ Cent. 0 - 10% :
s Jet shapes of quark dominated 2.9F ¥ .
jet sample. . u PbPb / pp .
. nglitativ_ely similar behavior as O 2t - PYTHIA 8/ pp -
for inclusive sample. Yo : i
s Also measurement of b-jet o 1.5F + P
shapes by CMS *
(arXiv:2005.14219) 1F TE. = e R~ o= .
' CMS
0.5 Fphys. Rev. Lett. 122, 152001 (2019)

0.1 0.2 0.3
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s Quark dominated jet
sample.

s Access to low p_ region.

s Comparable features as in
other measurements of jet
fragmentation.

s Similar measurement also
by CMS.
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Q g ATLAS )
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= Pb+Pb, Sy = 5.02 TeV, 1.4-1.7 nb’”
3 ATLAS 0-10%, 30 < pZ < 60 GeV
= Hybrid Model CoLBT-hydro
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easurements

s Quark dominated jet

sample.

s Testing role of parton

virtuality when comparing
Z- and Y-tagged
measurements.

s Access to low p_ region.

s Results: similar as in Y-
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tagged measurements.
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adrons In jets:

agmentation of J/Y in jets

s Problem: J/ production not well understood even in pp (polarization vs
cross-section).

s Does jet quenching play a role in J/Y suppression in HI?

%1072 PbPb 1.6 nb™, pp 302 pb™ (5.02 TeV) i PbPb 1.6 nb™, pp 302 pb™ (5.02 TeV)
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‘38 S 0.4~ Cent. 0-90% Cent. 0-90%
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— . 0.8
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Classifying parton splittings using opening angle and momentum fraction z.

In(1/2)

Phys. Rev. Lett. 124 IN(R/AR)
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Does the jet suppression depend on jet structure?

J. Casalderrey-Solana, Y. Mehtar-Tani, C. A.
Salgado, K. Tywoniuk, Phys. Lett. B725 (2013) 357
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s Improved UE subtraction, optimized&more aggressive grooming

— ability to unfold.

s Soft drop:

min(p1, p2)

ZQ=

pP1+ P2

No modification of
QCD splitting within
uncertainties.

> Zcui“e‘3
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pp

2 o o ALICE Preliminary
ol mPb-Pb0-10% VS =5.02TeV
i Sys. uncertainty Charged jets anti-k;
ol R=04 |7 <05
i 80<p. < 100 GeV/c
6l Soft Drop zcm_O 2, p=0
B AA
: fro e = 093, fn = 0.89
4Pl
2 LI
| ] | L L
[ am JETSCAPE, MATTERLET (Prel) B Pablos et al., ,_m_o
| Gt 0 <P, 1908V e a1 o7 |
1.5 —-anetal, 120 < p "™ <150 GoV/c [ Pablos etal., Ly, -
1 H
i L L L L 1 L L L L 1 L L L L _I
0.2 0.3 0.4 0.5
; Zy
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s Improved UE subtraction, optimized&more aggressive grooming

— ability to unfold.
s Soft drop:

min(p1, p2)
P1+ P2

Zg = > Zcut6P

Similar result for R=0.2
jets with smaller
uncertainties.

-

o _
3N 0l o pp ALICE Preliminary
g [ @ Pb—Pb 0-10% \/ =5.02 TeV
—| = sl Sys. uncertainty arged jets  anti-k;
S ; |7,1<0.7
i oU < T e < 80 GeV/c
6 Soft Drop z,,,=0.2, f=0
I fraagea = 0-89. f;‘;ged =0.88
45l
i B i ul
2r
] ] ] ) | ) ) ) ) 1 L L
f " mm JETSCAPE, MATTER+LBT (Prel.) 1 Pablos et al., L,as =0 i
D18 1) S G BRY St o
o [ ==Qinetal, 90<p  <120GeVic M Pablos et al., L, .
1.2¢ E
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0.8} :
0.5
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s Improved UE subtraction, optimized&more aggressive grooming

— ability to unfold.
s Splitting angle:

AR1,2
99= R

Jet narrowing
(similarly for 0.2 jets) -
Modification enhanced
when more symmetric
splittings are selected.

>
©
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350
3F
25F
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4
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Sys. uncertainty

0O 005 01 015 Hg
S ALICE Preliminary
-~ mPb-Pb0-10%  \Syy=95-02TeV

Charged jets anti-k-

mm Pablos et al., L,,es =00

- R=02 |n_|<O. 7'
..* 60<pTh t<80GeV)’c
c Soft Drop zcu,_O 2, =0
E_ + + = tagged =0.89, ftagged 0.88
- :
=X
C | | | ) | ) | ‘ L
' -.JETSCAPE MATTER+LBT (Prel)
mm Caucal etal., 75« pT < 100 GeVic
pu Pablos et al., L,, —0 Yuan et al., med /g b
Pablos et al., L "= 2inT - Yuanet al., quark —

Yuan et al.,, gL = 5 GeV*




RAA

1.0

0.8

s Soft contribution is removed from R=1.0 re-clustered jets.
— Larger suppression compared to ordinary small-R jets.
— Focus on hard splittings.

0.6
s |
3¢ °

0.4 1<2.0

. ATLAS Preliminary

Pb+Pb 1.72 nb’, pp 257 pb’, 5.02 TeV
® R =1.0 reclustered jets (this analysis)

M R =0.4(PLB 790 (2019) 108)

LR

ATLAS-CONF-2019-056

200 300 400 500

p. [GeV]

suppression
DN substructure

Re-clustered

“Conventional”
large-R jet large-R jet with 0.2

jets as constituents



https://cds.cern.ch/record/2701506

uppression
substructure

< ' : ; ' : ' L R L A A I LA L
o | ATLAS Preliminary 1 i f L ATLAS Preliminary
1.0-PR+Pb1.72nb  pp 257 pb . 5.02 TeV 5 - Pb+Pb b, pp 257 pb’', 5.02 TeV
® R =1.0 reclustered jets (this analysis) _ 1.5 —

® R =0.4 (PLB 790 (2019) 108) - W 14<]d,, <20 GeV
- A 29<\[Ei<41eev

[ . ] -+ 59<\d, <84 GeV
0.8 — i i
- - T 0 -----mrm e s H-—
- - . -
- B . b
| | ' R + -

0.6 — .
! m "un = ' i + i i = L
u L L - —
3 .°° ) 0.57 + o
o
- I
0.4 1<2.0 - <20 200< p_ <251 GeV
- . - Reclustered R = 1.0 jets
1 1 1 1 1 1 1 1 1 L 1 1 I 1 1 1 1 I 1 1 1 1 l 1 L 1 1
200 300 400 500 0 100 200 300 400
p_[GeV] (N

s A continuous increase of the suppression with increasing centrality.

» The jets with single sub-jet are less suppressed with respect to those with
35  higher sub-jet multiplicity — color decoherence.


https://cds.cern.ch/record/2701506
https://cds.cern.ch/record/2701506

Average Jet Charge (e)

Gluon energy loss

s Medium-induced radiation larger for gluons than quarks initiated jets.
s Jet charge IS sensitive to the electric charge of the Initiating parton.

ensitivity of jet charge to
K
QF = Z %PT; “” low and high particles

( T 1€]et
L Pb+Pb collision Anti-k, R=04 g=19 =0.1 2 1E — = E
0.4 0-10% centrality ! 1 $ E PbPb 5 =5.02TeV 0 k=03 =
i - £ o1 [ Antiky R=04 El <= ;:g .
— - B
I 5 E  More Central Jet i E
PE— < e i ]
. o os | B0 — ERE
L - k=05 g » / E
- Up Jet k=07 By 02 =
or - 1IF f : =
B o B[ 0-10% centrality —g=1.9+0.1 .
+ 08
| g
-0.22 - & 0.6
= E
e & 041
- Li, Vitev Phys. Rev. D 101, 076020 R : : : z
o - 0250670 80 90100 200 300 400 500
Jet p_(GeV) Jet b, (GeV]
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SCETg predictions



uon energy loss

s Quark and gluon fraction extracted using Pythia templates and fully

corrected. CMS Supplementary  PbPb 404 ub™ (5.02 TeV)

“+ 0-10% k=0.5
anti-k; R=0.4 jets, p’>120 GeV, I I<1.5

o
)
LI —

o
&
[
\
\:
v
L1

o
n

arXiv:2004.00602
—— PYTHIAG6
- = PYQUEN (Collisional)

....... PYQUEN (Radiational)
| | 1 | l

1 2 3 4
track p, cut (GeV)

o
&)
o

T T T I T T T T | T T T T

Jet Charge Standard Deviation [e]

= No significant modification observed in the jet charge with centrality.
37 = Pyguen not compatible with data.


http://arxiv.org/abs/2004.00602

luon energy loss

= Quark and gluon fraction extracted using Pythia template fits and
fully corrected..

CMS pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV)

anti-k; R=0.4 jets, pT>1 20 GeV, I“,'e:|<1'5 k=05
I | | | | | T [ | 1 [ I ]
Sos PP 1  0-10% PbPb
° |
o
[
D B - e T R e e - B
Cha i BN B R B O I B
S,J [ Data 1
=0.
""" PYTHIAG6 arXiv:2004.00602
2 3 4 5 2 3 4 3
track p_. cut (GeV) track p_. cut (GeV)

g Comparable fractions in pp and Pb+PDb.



http://arxiv.org/abs/2004.00602

Jets provide access into various QCD phenomena.

Jet substructure is a fast developing field and still growing.
- Distributions like jet shape and fragmentation function well established.
— New jet substructure and differential measurements come along with
new techniques and performance improvement.

Using high statistics LHC data and new techniques bring us to

era of precise measurements HI collisions.
— Strong constraints on theoretical models.
— Models are able to describe various features in the result.
— Improvement of the MC simulations.

But there are opened questions...

-~ Resolution scale of the QGP, role of medium response, quenching in
small systems...
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ure In Hl collisions

= Does the jet suppression depend on jet structure?
s Jet mass carries information about transverse structure of jet.
s connection to virtuality of initial parton.

Increasing m/p;

>
>F ATLAS Preliminary E EI E
Pb+Pb 0-10% ; |- :
J°F m/p_<0.03 1F0.06 <mip_<0.09 JF 018 <mip <024 -
| It L | - | A .
3 @ ¢ = - ° . J1E
0.5 o Jfe o ® |3 ° E
[ ] g E @ g ES = +
200 300 400 200 300 400 200 300 400
p, (GeVic) p, (GeVic) p. (GeVic)

= No significant change of R,, with mass

" - consistent with inclusive jet R .



42

jet p,
=
Slo
‘_|2 3.5
3
25

0 10% 100<p <126GeV ATLAS 126<p <158GeV
_E|Pb+Pb  anti-k, R = 0.4 jets

o © @ -

- == g

== ;

..Iﬁ..l....I....I....I....I....I“..

F SRS I I I I I I I

3 158<p <200 GeV F \Syn = 2.76 TeV P >200 GeV

®

F 2011 Pb+Pb data, 0.14 b —+—
- 2013 pp data, 4.0 pb™’'

Much less modification at high p;.

arXiv:1706.09363



a-jet balance

Increasing photon p_

-

~. 16— LI SR B I R e L
o’ - ATLAS . e
o 14 P ] 18__
s 5.02 TeV, 0.49 nb 1 1eb
S 1.2F pl =63.1-79.6 GeV el
§ 1 & Pb+Pb 0-10% 3 3
= e --- JEWEL+PYTHIA § °F
LieE Hybrid ER
0.6 BDMPS-Z 4 08fF
0.4F- (G=2-8 GeV¥m)] 0.6
F SCET, 1 04f
s B (0=2022) 7 02F
ivi lgeiluiadpigl(ipgnee i F
02 04 06 08 1 12 14 16 1.8 0.2

Xy,

s Some models able to describe basis features.

| |l|--1l

I T T T I T T T I T T T I T T
ATLAS

5.02 TeV, 0.49 nb™
p} = 100-158 GeV

~&4 Pb+Pb 0-10%
--- JEWEL+PYTHIA
Hybrid
BDMPS-Z
(G=2-8 GeV?/fm)

ra o oiloiefug
04 06 0.8

1 12 14 16 1.8

s Difficult to describe detail behavior of the distribution.

43

Jy



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43

